The (1+1)-dimensional Duffin-Kemmer-Petiau (DKP) equation (for spin 0 and 1) in the Robertson-Walker Space-time is solved. The exact solution is then determined for both cases. As an application, the rate of the created particles in the presence of gravity is calculated via the Bogoliubov transformations technique. 
Introduction
Curved space time has an important astrophysical and cosmological implication in general relativity where gravity is described as a property of the geometry of spacetime, this implication was a great advance in the understanding of the expansion of space and shape of the universe.
Furthermore, for small scale systems, quantum field theory in curved space-time is presented as an extension of the Minkowskian quantum theory to curved space-time, which can be considered as a first approximation to quantum gravity, this extension has attracted considerable interest because of the strong motivation for the unified theory of gravitation and quantum mechanics.
Historically, at the level of the non-relativistic quantum mechanics, some problems were solved within this frame- * E-mail: meradm@gmail.com work for example the Schrodinger equation particle in the presence of constant gravity [1] , path integrals for a particle in curved space [2] , the nonrelativistic particle constrained on a hypersurface in a curved space [3] .
Beside the non-relativistic domain, it is well known that the quantum theory in the curved space-time plays an important role in investigating the gravitational effects in the relativistic domain, which describe a new kind of interactions between spin and gravitation in the microparticle world. A significant consequence deduced from this context is the pair production phenomenon [4] [5] [6] , which was first discussed by Schrodinger in 1939 [7] but was first carefully investigated by Parker [8, 9] . We note that in this domain, the solution of this kind of problem is very required since it enables us to explore relativistic and spinor nature at the same time. Consequently, it is important to elucidate the behavior of spin in the expanding universe. As the Klein-Gordon and Dirac equations are studied for many different cosmological models, for example, the quantization of the Hamiltonian in curved space [10] , exact solutions of the Dirac equation for three models of expanding universes [11] , the Dirac equation in curved hypersurfaces in the context of the Robertson-Walker space-times [12] for the 1+1 dimensional in Robertson-Walker space and cigar metric of Witten [13] , spin-1/2 particles in a curved space-time with torsion [14, 15] , the Klein-Gordon and Dirac equations in a constant gravitational field [16] , the case of the KleinGordon and Dirac equations for two models of RobertsonWalker spaces with asymptotically Minkowskian regions are discussed by [17] , the generalized Klein-Gordon wave equation in the Robertson-Walker space-time, using the Casimir invariant operator was recently considered in [18] , creation of spin-1/2 particles in de Sitter space-time in [19] and Dirac equation for the 2+1 dimensional curved background by separation of variables in [20] .
In the literature, there is another relativistic equation other than that of Dirac and Klein-Gordon, namely, the Duffin-Kemmer-Petiau (DKP) equation [21] [22] [23] [24] [25] [26] [27] [28] This latter describes the dynamics of the scalar and vectorial particles spin 0 and 1, respectively.
Recently, there has been an increasing interest in DKP theory in curved space-time [29] [30] [31] [32] [33] . To our knowledge, there are only a few available exact solutions and less discussions in the context of DKP gravitational with mass. Consequently, we think that all the above mentioned encourages further investigations.
The purpose of the present work is to solve exactly the (1 + 1) dimensional DKP equation in Robertson-Walker space-time associated with the line element [34] , this problem is equivalent to the behavior of the DKP equation in Minkowski space describing the movement of a bosonic particle subjected to the interaction of a gravitational field. In order to see the effect of gravity on the pair production rate of the relativistic system with spin.
The outline of this paper is as follows: In section 2, a generalized DKP equation is introduced in a curved space-time. In section 3, we expose an explicit calculation relative to the 1+1-dimensional DKP equation of spin 1 in Robertson-Walker space-time. By a straightforward calculation, our system will be converted to KleinGordon(KG) equation type. The exact solution is obtained. The wave functions are expressed by the Hypergeometric functions and the rate of particles creation is deduced via the method of Bogoliubov transformations. Following the same method we determine in section 4 the exact solutions of the DKP equation in the case of spin 0 as a particular case.
DKP equation in curved spacetime
Before starting the study of the DKP equation in curved space-time, let us expose some useful formulas. The DKP equation describing a free scalar and vector boson with mass in flat space-time is similar to that of Dirac,
The β µ are the Minkowski DKP matrices and all their properties are listed in [24] [25] [26] [27] [28] In order to study the effects of gravity on the DKP quantum mechanics. We can use the tetrad formalism [35] , which is based on the principle of equivalence, to obtain the generalized DKP equation in the curved spacetime [33, 36] 
And the spin connection ω µ obeys the relations
with Γ µ is the affine connection, which is written in function of the metric tensor µν as
Now, we consider the line element that defines the Robertson-Walker space-time as follows [34] 
Where λ is the scale factor of the expanding universe. At this stage, we can simplify the calculations by introducing the conformal time given by
Then, the new form of the expression (6) will be rewritten as
Since the line element is diagonal, we choose to work in the diagonal tetrad
From (8) (9) the tetrads are given by
Inserting the tetrad expressions (10) and the tensor metric form µν (3) into Eq. (2), we obtain the DKP equation in Robertson-Walker space-time
where we have taken
DKP equation for spin 1
In this section, we are interested in solving the (1 + 1)-dimensional DKP equation in Robertson-Walker spacetime for the spin 1. In this case, the equations of the system (11) are not completely independent. The wave functionΨ (η) T has ten components ( A B C ) with A B, and C are vectors of dimension (3 × 1) which can be decomposedΨ (η)
Where A , B and C = 1 2 3 are respectively the components of the vectors A B and C . Using the representation of DKP matrices (β 1 β 0 ) for the case of spin 1, we obtain the following coupled system
The component C 1 automatically vanishes (C 1 = 0).
With this system, it is not difficult to verify that only φ (η) components are independent and satisfy the following KG type equation
The other components are determined by the following constraints equations
Now, we consider the exactly solvable case when
where A B and ρ are constants, this corresponds to the Minkowskian space for η → ±∞ and to the contraction and expansion respectively for B < 0 and B > 0 then Eq. (16), will be reduced to
In order to reduce this equation to a class of known differential equations, we use the following transformation
which leads Eq. (19) to the hypergeometric type
where µ = 2ρ Ω + and ν = 2ρ Ω − with
The solution of this differential equation at = 0 is given in terms of hypergeometric functions as
where
Consequently, the expression of φ ( ) can be written as
with C − is a normalization constant.
Or in the former variable η as
where V is a constant vector of dimension (3 × 1). Now, to deduce the other components, we have to take into account the following hypergeometric property [37] 2
and by a direct calculation, it is easy to obtain the following final solution
(1 + tanh ρη)
with M (η) and N(η) are (9 × 1) components vectors defined as
On the other hand, in a similar way, the solution to Eq. (21) which is analytic at = 1 is given by
At this stage, if we use the limit η → ±∞ in the last shape of wave function (28), we reach the exact result of the (1 + 1)-dimensional DKP equation in Minkowskian space-time.
Now, in order to determine the density number of the created particles in the Robertson-Walker space-time, we should study the asymptotic behavior of the wave function φ (η) at η → ±∞ and using the Bogoliubov transformation technique [34] 
where c 1 , c 2 are Bogoliubov coefficients which contain information about pair creation obeying the relation
let us study the asymptotic behavior of the wave function at η → ±∞, For η → −∞ ( → 0), the wave function will have the following behavior
where we have used the limits
For η → +∞ ( → 1) the asymptotic behavior of φ + 1 is written as
By using the following hypergeometric property
we have that the negative frequency solution φ − 0 can be written in terms of φ + 1 and [φ + 1 ] * as follows
Next, from (33) and (41) we obtain the Bogoliubov coefficients as
Finally we get the density number of particles creation N by using the normalization condition (34) and the last expression (42) as follows
where we have used the relations
It is remarkable to note that, according to (43), the final result of density number of particles creation N take two forms: -in the case of(Ω − 0 or Ω + 0) it is clear that there is no particles creation at the massless case limit, but for the high mass particles, we can show easily that the density of the created particle becomes thermal
In this expression (45), we note that the rate of the particles creation depends on the parameters of the factor of the expanding universe λ (η), this rate grows quickly with B 0 → A (universe expansion) and approach to zero sharply with B 0 (universe contraction) and it vanishes for ρ → 0. This fact does not surprise since the presence of gravitational field affects the physics results. On the other hand, the phenomenon of the particle creation is due to the coupling of the gravitational field to the quantum field via the mass.
-in the other case, we have not the pair-creation process because it is not a physical case.
DKP equation for spin 0
In this case, we proceed in the same way as in the case of spin 1, by puttingΨ (η)
. The system Eq. (11) is reduced to the following system
and the components ψ 4 = ψ 5 = 0 According to this correspondence ψ 1 → φ, ψ 2 → Φ, ψ 3 → Θ and (ψ 4 ψ 5 ) → C 1 , the solution of the system (46), (47) and (48), will be written as
with
Following the same stages as in the preceding case, we arrive at the final result
By following the same steps given in the previous case, we deduce the result of the (1 + 1)-dimensional DKP equation in Minkowskian space-time for spinless particle. Furthermore, the rate of particles creation is deduced via the method of Bogoliubov transformations: particle creation vanishes in the massless case limit and gives a thermal density for high mass particles. However, it is remarkable that the production rate depends on the parameters of the factor of the expanding universe λ (η) where its deviation grows quickly at B → A and approaches zero sharply with B 0 This fact does not surprise since the particle production is a consequence of the expansion of gravitational field.
It is interesting to search for exact solutions in the general case of (1 + 3) dimension by the vector spherical harmonics technic, to find out the influence of a spin-orbit coupling on the system with the presence of gravity in curved space-time. This interesting problem is currently under consideration and will be the subject of another thorough study.
